The mouse and human Liprin-α family of scaffolding proteins: Genomic organization, expression profiling and regulation by alternative splicing  by Zürner, Magdalena & Schoch, Susanne
Genomics 93 (2009) 243–253
Contents lists available at ScienceDirect
Genomics
j ourna l homepage: www.e lsev ie r.com/ locate /ygenoThe mouse and human Liprin-α family of scaffolding proteins: Genomic organization,
expression proﬁling and regulation by alternative splicing
Magdalena Zürner, Susanne Schoch ⁎
Department of Neuropathology, University of Bonn, Sigmund-Freud-Strasse 25, D-53105 Bonn, Germany
Department of Epileptology, University of Bonn, Sigmund-Freud-Strasse 25, D-53105 Bonn, Germany⁎ Corresponding author. Department of Neuropat
Sigmund-Freud-Strasse 25, D-53105 Bonn, Germany. Fax
E-mail addresses: magdalenazuerner@gmail.com (M
susanne.schoch@uni-bonn.de (S. Schoch).
0888-7543/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ygeno.2008.10.007a b s t r a c ta r t i c l e i n f oArticle history: In the nervous system the
Received 25 March 2008
Accepted 13 October 2008
Available online 13 December 2008
Keywords:
Liprin
Synaptogenesis
Synapse
Receptor tyrosine phosphatases
Active zone
Alternative splicing
Genomic structure
Exon–intron junctions
Central nervous system
EvolutionLiprin-α protein family plays an important role in the regulation of dendrite
development, the targeting of photoreceptor axons, and the formation and structure of synapses. To gain a
better understanding of Liprin-α regulation we have comparatively analyzed the genomic organization of the
human and mouse Liprin-α genes, characterized the alternative exon use in human and mouse, and studied
their expression in adult rodent tissues and brain regions. Our results show that Liprins-α1–4 share multiple
properties in their genomic structure, exhibit an identical modular organization, and are highly conserved
within certain structural domains, indicating strong evolutionary cohesion. We demonstrate that all Liprin-α
genes are subject to alternative splicing, which is regulated in a developmental manner. Interestingly,
regulation via alternative splicing is not conserved between isoforms and across species and represents a
post-transcriptional mechanism to independently diversify the properties of the individual isoforms.
© 2008 Elsevier Inc. All rights reserved.Introduction
Synapses are specialized sites of contact and communication
between a neuron and its target. Both sites of signal transduction at
the synapse, the presynaptic active zone (AZ), where synaptic
vesicles dock and fuse, and the postsynaptic density (PSD) that
contains the neurotransmitter reception apparatus, are highly
organized structures consisting of proteinaceous networks [1–3]. In
spite of the progress that has been made in recent years to identify
the essential components of these networks the molecular mechan-
isms underlying synapse formation and function are still not
understood in detail.
The evolutionary conserved Liprin-α family of scaffolding
proteins plays a crucial role in synapse assembly and function [3–
5]. Liprins-α were originally identiﬁed by their interaction with the
LAR-RPTPs (leukocyte common antigen-related family of receptor
protein tyrosine phosphatases) [6,7]. Whereas in the invertebrates
C. elegans and Drosophila only a single (Liprin-α) gene was
described, syd-2 (synapse-defective-2) [8] and Dliprin [9], respec-
tively, four Liprin-α isoforms were found in vertebrates, Liprins-α1,hology, University of Bonn,
: +49 228 287 19110.
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l rights reserved.α2, α3, and α4 [10]. Liprins-α exhibit a striking degree of
conservation, with 40% amino acid identity between the human
Liprin-α1 and worm syd-2. Liprin-α proteins are composed of an N-
terminal region predicted to form coiled-coil structures and three C-
terminal SAM (sterile-α-motif) domains that constitute the LH (liprin
homology) region [6,7,10]. The SAM-domains have been reported to
interact with the intracellular domain of LAR-RPTPs [7], the MAGUK
(membrane-associated guanylate kinase) protein CASK (calcium/calmo-
dulin-dependent serine protein kinase) [11,12], CaMKII (Ca2+/calmodu-
lin-dependent protein kinase II) [13], Liprin-β and ATP [14]. The N-
terminal coiled-coil region mediates homo- and hetero-dimerization as
well as interactions with various synaptic proteins, including the
presynaptic active zoneproteins RIM(RIMS1, Rab3-interactingmolecule)
[15] and ELKS (ERC1(ELKS/RAB6-interacting/CAST)) [16], the GTPase
activating protein for the family of ADP-ribosylation factor GTPases GIT1
(G protein-coupled receptor kinase interactor) [17], and the kinesin
motor protein KIF1A (kinesin family member 1A) [18]. At their C-
terminus vertebrate Liprins-α contain a PDZ-bindingmotif that interacts
with GRIP1 (glutamate receptor interacting protein) [19]. Through these
interactions Liprins-α are directly linked to essential components of the
presynaptic active zone and the postsynaptic density as well as the
machinery required for vesicular transport.
In loss-of-function mutants of the C. elegans Liprins-α homolog
SYD-2 synaptic vesicles are diffusely localized, presynaptic active
zones are abnormal in size and appearance, and synaptic transmission
Table 1
Chromosomal locations and sizes of Liprin-α genes
Gene (symbol) Human location Size (kb) Protein names Gene ID Mouse location Size (kb) Protein names Gene ID
Liprin-α 1 (PPFIA1) (PTPRF interacting protein alpha 1) 11q13.3 114.041 Liprin-α1 8500 7F5 76.975 Liprin-α1 233977
LIP.1 LIP.1
LIP1 LIP1
MGC26800 CO30014K08Rik
Liprin-α 2 (PPFIA2) (PTPRF interacting protein alpha 2) 12q21.31 500.523 Liprin-α2 8499 10D1 463.108 Liprin-α2 327814
MGC132572 E130120L08Rik
FLJ41378
Liprin-α3 (PPFIA3) (PTPRF interacting protein alpha 3) 19q13.33 31.620 Liprin-α3 8541 7B4 27.805 Liprin-α3 76787
KIAA0654 2410127E16Rik
LPNA3
Liprin-α4 (PPFIA4) (PTPRF interacting protein alpha 4) 1q32.1 40.138 Liprin-α4 8497 1E4 36.146 Liprin-α4 68507
KIAA0897 1110008G13Rik
Ofﬁcial name: protein tyrosine phosphatase, receptor type, f polypeptide (PTPRF), interacting protein (liprin), alpha.
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for normal active zonemorphology and is involved in the formation of
new synaptic boutons at the neuromuscular junction (NMJ) [9]. In
Dliprin-αmutants evoked excitatory junctional potentials and quantal
content per synaptic event were decreased at the NMJ pointing to a
speciﬁc impairment of presynaptic function [9]. Furthermore, altered
synaptic vesicle movement was observed in these mutants, which
implies a role in vesicular trafﬁcking for Liprins-α [20]. Dliprin-α is also
required for the targeting of photoreceptor axons in the visual system
[21,22]. Mammalian Liprins-α were shown to be localized in axons and
dendrites, in agreement with their association with pre- and post-
synaptic protein complexes [19]. Liprins-α have been reported to
regulate clustering and localization of LAR in cultured cell lines [6,10]
and to colocalize with ELKS and RIM at presynaptic active zones in
primary cells. In dendrites, the interactions between Liprin-α and GIT1
[17] as well as GRIP [19] are required for AMPA receptor targeting. The
LAR-RPTR, GRIP and Liprin-α complex has further been shown to play an
important role in synapse morphogenesis and function and to be
involved in the dendritic targeting of the cadherin/β-catenin complex
[23].
It was recently reported that Liprin1-α is regulated in an activity-
dependent manner. Liprin-α1 was degraded either in response to
CaMKII phosphorylation or via the E3 ubiquitin ligase anaphase
promoting complex (APC) [13]. Expression of non-degradable Liprin-α1
mutants resulted in impaired dendritic targeting of LAR and a reduction
of dendritic branching and synapse number. Thus, Liprins-α play three
important roles: ﬁrst, in the assembly, organization, and function of
presynaptic active zones; second, in the development and maintenance
of dendritic spines and excitatory synapses; and third, in vesicular
trafﬁcking. Taken together, studies in both invertebrates and vertebrates
point to a critical role of Liprins-α in synapse formation and function.
In view of the important functions exerted by Liprin-α proteins in
the central nervous system a detailed characterization of this gene
family is necessary. Here we have performed a comprehensive and
comparative analysis of human and mouse Liprin-α genes with regard
to their genomic organization and their regulation by alternative
splicing. We show that all four genes encoding Liprin-α family
members undergo alternative splicing in humans and mice, but the
number and location of alternatively spliced exons vary between the
isoforms and the two species. Furthermore, we provide evidence that
alternative splicing is regulated during development and results in
proteins with diverging properties with regard to potential protein
interactions. The relative expression proﬁles of the individual Liprin-α
isoforms show that all four genes are expressed throughout the brain,
but that there are variations in the levels of expression.Fig. 1. Comparison of the human and mouse Liprin-α gene structures. The organization of th
α3, and Liprin-α4 genes was determined by bioinformatic analysis of genomic and mRNA dat
an exon indicates the start of translation and a dot marks a stop codon. Alternatively splic
positions in the UCSC genome sequences.The aim of this analysis was to provide the framework for further
investigations into the diverging and overlapping functional roles of
the four mammalian Liprin-α isoforms.
Results
The structure of human and mouse Liprin-α genes
Recent studies have begun to shed light on the neuronal functions of
Liprins-α [4,5] and have provided ﬁrst evidence for potential functional
differences between the four isoforms [13]. However, so far the sequence,
structures, and alternative splicing of Liprin-α genes have not been
comparatively and thoroughly analyzed. In this study, we characterized
the exon/intron structure of human and mouse Liprin-α genes and
analyzed the alternative splicing pattern of each Liprin-α gene in both
human and mouse using bioinformatics and RT-PCR. For each Liprin-α a
search for mRNA sequences and expressed sequence tags (ESTs) was
performed. Furthermore, the identiﬁed cDNAsofmousewere cloned and
veriﬁed by sequencing.
The properties of the human and mouse Liprin-α genes are
summarized in Table 1, the genomic structure of the human and
mouse genes is depicted in Fig. 1, and the sizes of the exons and the
sequences of the exon–intron junctions are shown in Suppl. Tables 1–8.
The four Liprin-α genes are dispersed in the human and mouse
genome, but exhibit highly conserved exon/intron structures, suggest-
ing that they are the result of a relatively recent gene duplication. The
numberof exons differs between the Liprins-α, due to additional exons
as well as distinct numbers of alternatively spliced exons. The
individual genes are highly conserved between the mouse and
human genomes with mostly identical placement of the exons and
sizes of the introns (Fig. 1). The human and mouse Liprin-α2 genes are
large with sizes of approximately 500 kb, while the Liprin-α3 and Li-
prin-α4 genes are relatively small, approximately 30 kb and 40 kb,
respectively (Table 1, Fig.1). The human andmouse Liprin-α1 genes are
of intermediate size, 114 kb (human) and 77 kb (mouse). It is notable
that in Liprin-α1 and Liprin-α2 the exon containing the translation
start site is separated from the remaining clustered exons by a large
intron, around half the size of the complete genes. In the case of Liprin-
α2 this intron contains an additional exon (exon 3), which is not
present in any of the other Liprin-α genes.
Liprin-α genes in human and mouse display distinct alternative splicing
Even though the overall gene structure of the Liprin-α genes is highly
conserved, database analysis and RT-PCR revealed striking variations ine exon/intron structure for the individual human and mouse Liprin-α1, Liprin-α2, Liprin-
a bases and by RT-PCR. Exons are represented by numbered solid boxes. An arrow above
ed exons are labeled with an asterisk. The rulers above each gene diagram depict the
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Fig. 3. Liprins-α share the same modular organization but are diversiﬁed via alternative splicing. (A) The cartoon shows the conserved modular organization of Liprins-α1–4.
Alternative splicing of Liprins-α1 and -α4 results in variants with diverging C-termini. The alignment was performed using the mouse Liprin-α sequences. Variants Liprins-α1a
and -α4a contain the conserved PDZ-interaction motif, whereas this motif is absent in the variants Liprins-α1b and -α4b. The arrow and line label the last exon border. Sequences
were aligned using T-coffee. Boxshade was used to create the alignment ﬁgure. Black boxes indicate identical amino acid residues and gray marks similar residues. CC, coiled-coil
domains; and S, SAM domains. (B) Characterization of the interaction of GRIP1 with the different C-terminal variants of Liprins-α1 and 4. HEK293T cell lysates transiently
transfected with C-terminal variants of Liprins-α1 and -α4 were pulled down by GST-GRIP-PDZ6 or GST, and analyzed by immunoblotting with antibodies against GFP or pan-
Liprin-α. Only the a variants, which contain the consensus PDZ-binding motif (-VRTYSC) speciﬁcally bind to GST-GRIP.
247M. Zürner, S. Schoch / Genomics 93 (2009) 243–253alternative splicepatternsamongthe fourLiprin-α isoformsandbetween
human and mouse orthologs.
Liprin-α1, composed of 32 exons in human andmouse, is the family
memberwith the highest degree of alternative splicing (Suppl. Tables 9
and 10). We identiﬁed 5 alternatively spliced cassette exons (exons 10,
18, 24, 25, and 31) in the human and mouse genes encoding Liprin-α1.
Exon 10 is only found in Liprin-α1 and is inserted within the ELKS
binding regions [16]. In contrast, exons 18, 24, and 25 are located
between characterized domains: the only ten amino acids encom-
passing exon 18 between the coiled-coil region and the ﬁrst SAM-
domain and the small exons 24 and 25, with a size of 22 and 10 amino
acids, respectively, between the ﬁrst and second SAM-domain (Fig. 2).
Moreover, in human andmouse, exon 26 includes an alternative splice
acceptor site, leading to the deletion or insertion of a short 3-residue
sequence (Suppl. Tables 1, 2). The human Liprin-α1 gene contains an
alternative splice donor site for exon 30 that is not found in the rat or
mouse genome. The use of this site results in an exonwith an in-frame
stop codon (Fig. 3A). The encoded protein does not contain the
conserved C-terminal PDZ-binding motif through which Liprins-α
interact with GRIP [19]. The exclusion of cassette exon 31, which is
found in the human and mouse genome, also generates a transcript
coding for a proteinwithout the C-terminal PDZ-bindingmotif (Fig. 3A,Fig. 2. Protein domain and exon–intron structure of mouse Liprins-α1–4. The sequence alig
sequence conservation. Black boxes indicate identical amino acid residues and gray boxes sim
blue, ELKS interaction domain; green, GIT interaction domain; and yellow, the three SAM d
diverging exon borders. Alternatively spliced exons are highlighted by orange boxes.Suppl. Tables 1, 2). Therefore, alternative splicing of the C-terminal
exons results in Liprin-α1 proteinswith three (human) or two (mouse)
distinct C-termini (Fig. 3, Fig. 4A).
The gene encoding Liprin-α2 consists of 32 exons in both human and
mouse genomes (Suppl. Tables 3, 4). Alternative splicing occurs for exon
6 in human andmouse, leading to the presence or the lack of a sequence
in the transcript immediately downstream the RIM-interaction domain
(Fig. 2). Analysis of human transcripts revealed additional splice variants
where exon 23 and 24, which are localized in the linker region between
the ﬁrst and second SAM-domains, were either present or absent in
combination or independently (Fig. 4A, Suppl. Table 9). All mouse
transcripts observed in extensive searches of databases and by RT-PCRof
various mouse mRNAs contained exon 23 and 24 (Fig. 4A, Suppl. Table
10). Exons 9, 20, and 26 of the mouse Liprin-α2 gene contain alternative
splice acceptor sites resulting in the insertion or deletion of 1, 4, or 6
amino acids, respectively (Suppl. Tables 3, 4).
The human and mouse genes that encode Liprin-α3 comprise 30
exons (Suppl. Tables 5, 6). After comparison of genomic and cDNA
sequences, alternative splicing was only identiﬁed upstream of the
second SAM-domain for exon 23 (Suppl. Tables 9 and 10, Fig. 2).
Liprin-α4 is encoded by 30 exons in humans and by 29 exons in
mice (Suppl. Tables 7, 8). The difference in exon number betweennment of mouse Liprins-α1–4 shows their highly similar overall organization and high
ilar residues. Protein interaction domains are underlined: red, RIM interaction domain;
omains. Light blue arrows mark conserved exon borders and light blue lines indicate
Fig. 4. Alternative splicing is regulated during development. (A) Mouse and human orthologs of Liprins-α exhibit diverging alternatively spliced exons. The diagram depicts the
potential splice patterns for the mouse and human Liprin-α orthologs. Exons are represented by numbered gray boxes. (B) RT-PCR analysis of alternatively spliced transcripts of
mouse Liprins-α1, -α2, and -α4 at different time points during development. E12, prenatal day 12; P0, day of birth; and AD, adult. Primers ﬂanking the exon of interest were used for
the RT-PCR and the resulting fragments were resolved on an agarose gel. cDNA was transcribed from mouse whole brain total RNA. A DNA size marker is indicated at the left. The
upper band corresponds to the PCR product including the examined exon, whereas the lower band (marked by a Δ) represents the product without the exon.
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Fig. 5. Relative expression proﬁles of rat Liprins-α1–4 in different tissues and brain regions of the adult rat. (A) Expression of Liprins-α1–4 in selected tissues analyzed by quantitative
real-time PCR. Bars represent relative mRNA levels normalized to HPRT as internal reference gene. (B) Analysis of expression as in (A) in various brain regions. OB, olfactory bulb; STR,
striatum; CTX, cortex; HC, hippocampus; TH, thalamus; MB, midbrain; CB, cerebellum; and BS, brain stem.
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is not found in the mouse and rat genome. Alternative exon usage
generates six human and four mouse Liprin-α4 transcripts. As in the
other Liprins-α, except Liprin-α2, splicing occurs directly upstream of
the second SAM-domain, where exon 22 either is included or deleted
(Fig. 2, Fig. 4A, Suppl. Tables 9 and 10). Interestingly, we identiﬁed a
novel C-terminal exon of Liprin-α4 including an in-frame stop codon.
Insertion of this exon (29 in human or 28 in mouse) results in Liprin-
α4 transcripts, which code for a protein that contains the C-terminal
PDZ-binding motif present in the remaining Liprins-α. The non-
conserved C-terminal sequence (-MLSAFRD) is generated by transcripts
missing exon 29 or 28, in human or mouse respectively (Figs. 3A, 4).
Liprin-α1 and Liprin-α4 variants without the conserved VRTYSC C-
terminal sequence are predicted to not interact with the adaptor protein
GRIP. To test this hypothesis we performed GST pull-down assays using
GST-GRIP (aa343–809) and HEK293T cell lysates transfected with the
variants of mouse Liprin-α1 and Liprin-α4 (Fig. 3B). GST-GRIP, but not
GST alone, selectively pulled down Liprin-α1a and Liprin-α4a, the
variants which contain the PDZ-binding motif, but not Liprin-α1b (-
VYPHYFYR) and Liprin-α4b (-MLSAFRD) (Fig. 3B).
In summary, it is notable that alternative splicing of Liprin-α4 as is
the case for Liprin-α1 can lead to proteins with diverging C-termini
and thereby to the deletion or insertion of a protein interaction motif.Alternative splicing of Liprins-α is regulated developmentally
To determine if alternative splice events of the mouse Liprin-α
genes are regulated in a developmental- or region-speciﬁc manner we
designed primers to detect the alternate transcripts and performed
RT-PCR analyses (Fig. 4B, Suppl. Tables 9 and 10). The results showed
that mouse Liprin-α alternative transcripts are expressed ubiqui-
tously throughout the brain (data not shown). However, most
alternatively spliced exons of Liprin-α mRNAs exhibited a develop-
mental regulation (Fig. 4B). The Liprin-α1 transcripts including exon
10 can only be detected in mRNA of adult brain. Whereas transcripts
lacking Liprin-α1 exon18 aremore abundant at E 12.5, this ratio reverses
at P0 through adulthood. Liprin-α1 transcripts containing exons 24 and
25 are barely detectable at E 12.5 but are strongly expressed in the adult
brain. In the case of Liprin-α4 the splice variant in which exon 22 is
absent is only found early in development. Interestingly, the novel C-
terminal Liprin-α4 exon 28 is only found at high levels in the adult
mouse brain.
Expression of Liprin-α transcripts
Expression of mouse transcripts was analyzed in various brain
regions and at different stages of neuronal development by RT-PCR. In
Fig. 6. Evolution of the Liprin-α gene family. (A) The phylogenetic tree was generated based on a T-coffee alignment of the appropriate sequences using PhymL online (http://atgc.
lirmm.fr/phyml/). Branch lengths are proportional to the amount of inferred evolutionary changes. (B) Liprin-α structural domains are highly conserved from C. elegans to human as
shown here by an alignment of the ﬁrst SAM domain of C. elegans syd-2, Drosophila Dliprin and mouse Liprins-α1–4. Sequences were aligned using T-coffee. Boxshade was used to
create the alignment ﬁgure. Black boxes indicate identical amino acid residues and gray marks similar residues.
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different brain regions and adult organs and speciﬁc primer sets, which
because of the high degree of sequence homology between the four
Liprin-α isoforms had been previously evaluated for their speciﬁcity
(data not shown). Liprin-α2 and Liprin-α3 are synthesized at high levels
in the brain and are only found at low levels in other tissues (Fig. 5A).
Liprin-α1 mRNA in contrast was detected ubiquitously, with the lowest
level of expression in the brain. Liprin-α4 was most prominently
expressed in muscle and testes but also present in brain, lung, heart,
and thymus; however, the overall level of expression was very low. All
Liprin-α genes were expressed during development at the earliest time
point tested (E12.5) (datanot shown). Liprin-α2andLiprin-α3exhibited
a strong ubiquitous expression throughout the brain. Liprin-α2 mRNA
levels are highest in the rostral brain regions, e.g. the olfactory bulb,
striatum, cortex, and hippocampus, and lowest in the brain stem,
whereas Liprin-α3 ismost prominently found in the striatumand cortex.
Liprin-α1 and Liprin-α4were also detected in all brain regions analyzed,
albeit at much lower levels (Fig. 5B). Both isoforms were most strongly
expressed in the cerebellum and only at low levels in the cortex.Liprin-α proteins are highly evolutionarily conserved
A phylogenetic comparison of human and mouse Liprin-α full-
length sequences classiﬁes Liprin-α2 and -α4 as more closely related
to each other than to Liprin-α1 and Liprin-α3, which are the most
distant family members (Fig. 6A). While in invertebrates there is only
one Liprin-α, starting in the clade of the Euteleostomes as early as in
the Danio rerio four Liprins-α are found. All Liprin-α proteins share a
common domain structure with an N-terminal coiled-coil region,
three C-terminal SAM (sterile alpha motive) domains and a conserved
seven amino acid sequence at the C-terminus, which functions as a
PDZ interaction motif. The four human and mouse family members
share an extremely high degree of amino acid identity, ranging for the
full-length proteins from 58% to 66%. Their signiﬁcant overall
conservation with regard to amino acid identity and similarity is
apparent in the alignment of their sequences (Fig 2. and Suppl. Fig 1).
In addition, this alignment highlights the striking similarity of the
three C-terminal SAM-domains and their conserved PDZ interaction
motif at the C-terminus. Surprisingly, whereas the Liprin-α SAM-
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family members but also across species (the ﬁrst SAM-domain of
mouse Liprin-α2 is approximately 96% similar to C. elegans syd-2 and
97% to Drosophila Dliprin), the PDZ interaction motif is not present in
the C. elegans and Drosophila Liprin-α homologs (Fig. 6B and Suppl.
Fig 1). Comparison of Liprin-α proteins from C. elegans, Drosophila and
mouse furthermore identiﬁes a region of very high conservation in
the N-terminus of the proteins, upstream of the RIM binding domain
(Suppl. Fig. 1). This sequence constitutes the beginning of a predicted
coiled-coil region and does not exhibit any signiﬁcant homology with
any other protein in the databases (the closest match is the myosin
heavy chain 10 with less than 30% identity). The Liprin-α binding sites
for RIM, ELKS, and GIT have beenmappedwithin the coiled-coil region
[16]. Surprisingly, the interaction domains for RIM and ELKS do not
exhibit the high degree of homology observed for large parts of Liprin-
α proteins but are rather composed of a highly conserved sequence
stretch and an area of low conservation (Fig. 2).
Discussion
This report describes the comparative characterization of the human
and mouse Liprin-α gene structure, their expression proﬁles in various
tissues, and their differential alternative splicing. Our phylogenetic
analysis revealed that in accordancewith their presumably fundamental
functional role Liprin-α homologs are present throughout invertebrate
andvertebrate genomes.WhereasC. elegans andDrosophila each express
one single Liprin-α gene, Liprins-α were diversiﬁed early during
evolution into a family containing four genes as present in Danio rerio,
mouse or human. Liprin-α proteins exhibit a remarkable degree of
overall amino acid identity and similarity within the human andmouse
families and are highly conserved from C. elegans to human in several
regions. However, these regions of striking similarity between species as
well as between isoformsonly partially coincidewith the experimentally
mapped sites of protein interaction. The SAM domains and adjacent
linker sequences constitute the regions with the highest degree of
homology. In contrast, the RIM and ELKS binding domains are composed
of highly homologous and quite diverging sequences. The region of the
RIM interaction site is preceded by a sequence that is highly conserved
from C. elegans to humans. No function or binding partner for this region
has been described to date. In contrast, a novel site of protein interaction
has only been added later during evolution. The C-terminal PDZ
consensus binding site is not present in C. elegans and Drosophila but
found in e.g. in Danio rerio and higher mammals (Suppl Fig. 1). This is
surprising as the only known binding partner for this motif, GRIP, is
expressed in C. elegans and Drosophila.
The diversiﬁcation of Liprin-α genes into a complex gene family
has led to multiple shared properties in their exon/intron structure
but has also resulted in various differences in their genomic
organization. On the one hand, the size and composition of their
exons is very similar and the splice acceptor/donor site phases are
conserved among all four genes. On the other hand, the size of the
genes varies fromvery large, with approximately 500 kb for Liprin-α2,
to small, with approximately 30 kb for Liprin-α3. In Liprin-α1 and
Liprin-α2, the second exon containing the translation start site is
separated from the remaining clustered exons by an intron half the
size of the whole gene. In the case of Liprin-α2 an additional short
exon that is found in all Liprin-α2 transcripts is present in this large
intron. This exon represents the only constitutive exon that is solely
found in one Liprin-α isoform. Its presence in the Liprin-α2 proteins
interrupts the N-terminal region of high homology between the
isoforms with unknown functional consequences. In addition,
whereas in Liprins-α1, -α2, and -α3 the ﬁrst exon contains only
untranslated sequences, in Liprin-α4 all exons are comprised of
protein-coding sequences. Therefore, while Liprin-α2 and Liprin-α4
proteins are the closest family members on the amino acid level, their
gene size and structures are quite different.The high degree of sequence conservation at the protein level
between the human and mouse Liprin-α orthologs is also reﬂected in
the similarity of their genomic organization. The lengths of the introns
are highly comparable for the human and mouse Liprin-α orthologs
and identical for their exons. However,major differenceswere found in
the splice patterns of Liprin-α1, -α2, and -α4 transcripts for the human
and mouse orthologs. We have identiﬁed six sites of alternative
splicing in Liprin-α genes in human and ﬁve in mice. Whereas in many
synaptic protein families sites of alternative splicing are conserved
between family members, e.g. RIMs [24], RIM-BPs [25], and Neurexins
[26], only one of these splice sites was used in all human Liprin-α
isoforms and none of them in all mouse Liprin-α isoforms. In the case
of the observed difference between the human and mouse Liprin-α1
and Liprin-α4 variants the divergence in alternative spliced exons was
due to the fact that the alternatively spliced sequence of the human
Liprin-α is not present in the mouse genome. Further studies will be
required to address the biological relevance of human and mouse
splice variants to synapse development and membrane organization.
It is striking that despite the similarities in their genomic organization
and their strong homology at the protein level Liprins-α are differentially
regulated at the post-transcriptional level. Liprin-α1, the turnover of
which is regulatedbysynaptic activity throughAPCandCaMKII [13], is the
isoform most prone to functional variability that could arise from
alternative splicing. One Liprin-α1 splice product contains an insertion
in theELKSbindingdomain; in a secondspliceproduct a short sequence in
the linker between coiled-coil region and the SAM-domains is either
present or absent; and a third splice variant alters the distance between
the ﬁrst and second SAM domain. However, the most remarkable
alteration is caused by alternative splicing of the C-terminal exons,
which results in transcripts encoding proteinswith three (human) or two
(mouse) C-termini. TwoDiverging C-termini have already been described
for the human Liprin-α1 [6]. We now report that in the mouse Liprin-α1
gene alternative splicing generates transcripts with alternate C-termini
and that this new splice pattern can be found in human transcripts, too.
Therefore, three human C-terminal splice variants are expressed. Liprin-
α4 had been described as the only Liprin-α isoform that did not contain
the C-terminal PDZ interaction motif [27]. In this analysis we have
identiﬁed a Liprin-α4 transcript variant in human and mouse that
encodes the conserved seven amino acid stretch present in the other
Liprin-α isoforms. This C-terminal PDZ interaction motif mediates the
binding of Liprins-α to the adaptor protein GRIP. Thereby, alternative
splicing at the C-terminus directly affects the interaction of Liprin-α1
and -α4 with GRIP. No GRIP-binding deﬁcient variants exist in Liprin-α2
and -α3, which are the most abundant Liprin-α isoforms at later stages
of development and in mature neurons. Also in the case of Liprin-α1,
the isoform most prominently expressed throughout development
contains the PDZ-interaction motif. Only for the Liprin-α isoform with
the lowest abundance, Liprin-α4, is the GRIP-binding deﬁcient variant
the major transcript expressed. GRIP binds to the PDZ-binding motif at
the C-terminus of GluR2. By neuronal overexpression of C-terminal
GluR2 point and deletion mutants, inwhich GRIP binding was abolished,
it was shown that this region is essential for the surface accumulation of
the GluR2 receptor subunits in neurons [28]. These results suggested
that GRIP is not required for normal targeting of GluR2 to the synaptic
surface but contributes to the stabilization of GluR2-containing AMPA
receptors at the synaptic surface. Overexpression of the human-speciﬁc
Liprin-α1 variant, which does not contain the PDZ-interaction motif and
therefore cannot bind to GRIP, lead to a reduced number of AMPA
receptor clusters along dendrites and a diffused localization of AMPA
receptors in the soma and dendrites [19]. Therefore, Liprin-α seems to
act as a targeting molecule to recruit GRIP and associated proteins to
postsynaptic sites or to play a role in trafﬁcking or transport of the GRIP
complex. Due to the multiple interactions of Liprin-α with several
components of the postsynaptic specialization, like LAR-RPTPs, GIT1,
CASK, and CaMKII, the Liprin-α-GRIP complex may be required for the
retention of AMPA receptors, contained at the surface membrane or
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AMPA receptors are critically involved in synaptic function and plasticity
and therefore mechanisms that regulate targeting and surface expres-
sion of the receptors play an important role in these processes [29]. In
the adult brain Liprin-α isoforms that cannot interact with GRIP are only
expressed at low levels. Increasing the level of the non-GRIP-binding
Liprin-α variants could provide a mechanism by which neurons control
the number of AMPA receptors targeted to the postsynaptic compart-
ment and expressed at the postsynaptic surface. Future studies will be
required to determine the signals that control these alternative splice
events as well as their precise role. Even though 206 SAM domains can
be identiﬁed in human proteins and 178 in mouse, mainly single SAM-
domains are found in the context of large multidomain proteins [30].
Liprins-α contain three closely spaced tandem SAM-domains. In Liprin-
α1, -α3, -α4, and in human but not mouse Liprin-α2 alternative splicing
controls the distance between the ﬁrst and second SAM-domain. In the
proteins lacking the alternatively spliced exons the SAM-domains are
only separated by 11 amino acids. Structural and biochemical studies
are necessary to delineate the resulting functional implications. We
furthermore show that usage of alternative exons in most cases is
regulated throughout development. Synaptogenesis is associated with
structural and functional alterations and several aspects of this process
have been shown to be regulated by the complex alternative splicing of
proteins, such as agrin, the protocadherins, neurexins, and neuroligins
[31]. Liprins-α on the other hand have been reported to play a role in
photoreceptor axon targeting in Drosophila [21,22] and the development
of excitatory synapses [23]. Accordingly, our analysis shows that
alternative splicing constitutes a means by which Liprins-α can be
modiﬁed in a developmental manner and by which the properties of the
individual isoforms can be diversiﬁed independently.
Expression of Liprins-α1–4 also seems to be regulated independently
aswe observed greatly varyingmRNAexpression levels in all tissues and
brain regions examined. Whereas Liprin-α2 and -α3 are predominantly
found in the brain with a similar pattern of distribution regarding the
expression levels, Liprin-α1 is the major isoform outside the nervous
system. mRNA levels of Liprin-α4 are very low in all tissues tested, with
the highest expression detected in muscle. However, even though their
strength of expression varies greatly, all four Liprin-α isoforms are
present in all brain regions. It will therefore be important to determine if
individual neurons express all or different combinations of Liprins-αor if
within one neuron the isoforms localize to different synapses.
In conclusion, our studyprovides an extensive comparisonof Liprin-α
familymembers revealingboth similarities anddifferenceswith regard to
genomic structure, regulation via alternative splicing and RNA expres-
sion. It thereby sets the stage for further molecular analysis of Liprins-α
and their common and diverging properties as well as functional roles.
Methods
Sequence analysis
The National Center for Biotechnology Information (NCBI) (http://
www.nlm.nih.gov/), the ENSEMBL (http://www.ensembl.org/), UCSC
(http://genome.ucsc.edu/index.html) and the TIGR gene indices
(http://www.tig.org/) databases were searched using homology
BLAST with standard settings. Searches for splice variants were
conducted using EST databases. Multiple alignments were performed
using T-coffee (http://tcoffee.vital-it.ch/cgibin/ Tcoffee/tcoffee_cgi/
index.cgi), ClustalW (http://www.ebi.ac.uk.clustalw/index.html) and
Dialign (http://bibiserv.techfak.uni-bielefeld.de/dialign/) (Morgen-
stern, 2004). Boxshade was used to create alignment ﬁgures (http://
bioweb.pasteur.fr/seqanal/interfaces/boxshade.html). Phylogenetic
analyses were conducted with Phyml Online (http://atgc.lirmm.fr/
phyml/) using standard settings with 100 bootstraps and the WAG
substitution model for sequence evolution (Whelan and Goldman,
2001).RNA extraction and RT-PCR
Total RNA was extracted from whole brains of different develop-
mental stages, various tissues, and brain regions using the RNeasy
Lipid Tissue Kit (Qiagen, Hilden, Germany). Samples were stored at
−80 °C. Reverse transcription was carried out using 5 µg of total RNA
and the Superscript RT III kit (Invitrogen, Carlsbad, CA) with oligo dT
primers for full length cloning of Liprins-α. 1 µg of total RNA and the
iScript cDNA synthesis kit (Biorad, München, Germany) were used as
template for PCR reactions to detect alternative spliced exons. For real-
time PCR the QuantiTect reverse transcription kit (Qiagen, Hilden,
Germany) was employed, using 1 µg RNA. cDNA samples were stored
at −20 °C.
Cloning of full-length transcripts
To clone the mouse Liprins-α1–4 full-length transcripts cDNAwas
prepared from adult mouse brain total RNAusing the Superscript RT III
kit with oligo (dT) primers. PCR primers were designed based on UTR
sequences for primary ampliﬁcation (Liprin-α1 FW: CCGCCGGCCAA-
GATGATGT, REV: ATGTGGTTGGGGTAAGGGCTGTT; Liprin-α2 FW:
TCTTTCTCCTCCCGTTGCTA, REV: TTGAGCCATCACAGTGCTTC; Liprin-
α3 FW: CCCCGGGGAACACGAGACTTAG, REV: GCCCCCTTTCAGTC-
CATTTCTTA; Liprin-α4 FW: CCCCTGACCCGACGCTGAGA, REV:
CGGGCTTGAGGACGGGTAGTTG). Full length Liprins-α1–4 were ampli-
ﬁed using the Fermentas Long PCR Enzyme Mix (Fermentas, St. Leon-
Rot, Germany). The PCR products were cloned into the pcDNA 3.1-
TOPO vector (Invitrogen, Carlsbad, CA) and sequence veriﬁed.
Sequence data was deposited with the DDBJ/EMBL/GenBank Data
Libraries under Accession Nos. EU568869 (Liprin-α1), EU568870
(Liprin-α2), EU568871 (Liprin-α3), and EU568872 (Liprin-α4) for the
cDNA sequences of Liprins-α.
Real time PCR analysis of gene expression
Validated real-time PCR primer pairs for Liprins-α1–4 were
purchased from Qiagen QT01594712 (Liprin-α1), QT01616839
(Liprin-α2), QT01577415 (Liprin-α3), and QT01596756 (Liprin-α4).
Real-time PCR was performed using the SYBR Green PCR kit (Qiagen,
Hilden, Germany) following the manufacturer′s instructions. Each
sample was assayed in triplicates and in two independent experi-
ments. Relative quantiﬁcation of target gene expression and PCR
efﬁciency were performed as described previously [25] using HPRT as
internal reference genes.
Alternative splicing
Alternative splicing of exons was detected via PCR using Taq
polymerase (GoTaq, Promega, Mannheim, Germany). PCR conditions
were optimized for each primer pair and the resulting fragments were
analyzed on 2.5% agarose gels and visualized by ethidium bromid
staining. Several independent primer pairs were used to analyze each
alternatively spliced exon. Primers used in the analysis are listed in
Suppl. Table 11.
Pull down assay
To generate GFP-tagged expression plasmids Liprins-α1a and -α4b
were ampliﬁed by PCR using the pcDNA3.1 TOPO full-length Liprin-α
plasmids as template (Liprin-α1a: FW CCGGCCAAGATGATGTGC, REV:
CTAGCAGGAGTAAGTCCTGACTGT; Liprin-α4b: FW: TCCATTCCCAT-
CATGTGTGAGG, REV: GGGGGTCAGCAGGAGTAGGTC) and cloned
into the vivid colors pcDNA6.2 N-EmGFP TOPO vector (Invitrogen,
Carlsbad, CA). The C-terminus of Liprin-α1b was isolated from mouse
brain cDNA (P28) (FW: TGGAGGAAGAAGTTCAGACCA, REV: CATCTG-
TAGAAGTAGTGTGGG) and cloned into the NT-GFP Fusion TOPO TA
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scribed from total RNA of adult mouse brain using the Superscript RT
III kit with oligo (dT) primers. For all ampliﬁcations the Fermentas
Long PCR Enzyme Mix (Fermentas, St. Leon-Rot, Germany) was used.
The pGEX GRIP (aa343–809) construct was kindly provided by Prof. H.
Hirling (Geneva, Switzerland).
For the pull-down assay, the GST-GRIP fusion protein was expressed
in Escherichia coli BL21 and bound to glutathion-agarose beads (Sigma-
Aldrich, Seelze. Germany). Transfection ofHEK293Tcellswith theLiprin-
α expression plasmids was performed with Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Cells were lysed in buffer L (20 mM HEPES/
KOH,pH7.4,mMEDTA, 2mMEGTA, 0.1mMDTT, 0.1MKCl, and1%Triton
X-100) for 1hat 4 °C. Theextractswere subsequently incubatedwithGST
and GST-GRIP fusion proteins on agarose beads equilibrated in buffer L.
After washing bound proteins were analyzed by western blotting.
Liprins-α1a and -α1bwere detected with an anti-GFP antibody (T3743)
while Liprins- 4αa and - 4αb were detected with a pan-Liprins-α
antibody (4396) (both antibodies were kindly provided by T. Südhof, UT
Southwestern, Dallas, USA).
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